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Abstract
Highly open porous polymer foams formed from high internal phase emulsions (polyHIPEs) are attracting significant interest because of their potential applications in many areas of advanced materials science. In this work, the influence of the crosslinker or co-crosslinkers of different molecular weights on the morphology and mechanical properties of polyHIPEs containing glycidyl methacrylate (GMA) was studied. Several poly(ethylene glycol) dimethacrylate (PEGDMA) crosslinkers were considered. The results show that introducing higher molecular weight crosslinkers into polyHIPEs produces a more open structure, with significantly increased compression strength and deformation at breakage. This eliminated the undesirable brittleness and chalkiness commonly found in polyHIPE materials.  The Young’s modulus of GMA-based polyHIPEs containing 40% PEGDMA increased by 50% and the crush strength by 400% when compared with traditional GMA/Ethylene glycol dimethylacrylate polyHIPEs. This improvement in mechanical properties is expected to improve the suitability of polyHIPEs for use in a wide range of applications.
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Introduction
High internal phase emulsions (HIPEs) are attracting increased interest as an effective route to prepare polymeric foams. HIPEs are a class of emulsions with high internal (dispersed) phase volume. To achieve this condition, the dispersed phase must be greater than the theoretical void fraction limit of 74% for close-packed face-centered cubic structures, even if a lower threshold of 64% applies in practice with random dispersions  ADDIN EN.CITE 1,2. The characteristic structure of the HIPE can be preserved through polymerization of the constituents in the continuous phase. The resulting polyHIPE material presents a highly interconnected network structure with high porosity ADDIN EN.CITE 3,4. The precise properties and morphology of a polyHIPE obtained depend upon the composition of the parent HIPE emulsion and the polymerization conditions. 

The preparation of the emulsion involves drop-wise addition of the dispersed phase to the continuous phase under different emulsification conditions, such as stirring4 or shearing5. The structure and stability of the HIPE can be affected by  the  nature  and  concentration of the surfactant  ADDIN EN.CITE 6,7, the addition of electrolytes 6, and the temperature of the internal phase 8. Instability of the parent emulsion is caused by two main mechanisms, droplet coalescence and Ostwald ripening 8. These mechanisms lead to a coarsening of the emulsion and an increase in droplet size. Methods for tuning the emulsion to define and control emulsion parameters and to produce a stable emulsion, with defined pore size, shape and architecture are discussed further in the literature  ADDIN EN.CITE 9-11.

Polymerization of the continuous phase can be achieved by various initiatior systems, including thermal, redox, catalytic, and ultraviolet or microwave irradiation 3. Polymerization conditions such as curing time, temperature, and initiation method also greatly affect the structure of the polyHIPE 4. While thermally initiated polymerization is a traditional technique used to prepare polyHIPEs, this can take up to 24 h  ADDIN EN.CITE 12,13, photoinitiated polymerization has been implemented recently for rapid curing (minutes) to prepare well-defined polyHIPE structures  ADDIN EN.CITE 14-16. In this fast curing system, acrylate-based monomers such as ethylhexylacrylate (EHA),  trimethylolpropane triacrylate (TMPTA) and Glycidyl methacrylate (GMA)  were used in the continuous phase, are considered the best candidates for the rapid and convenient route to obtain polyHIPEs by UV light 17. 

PolyHIPEs have been investigated for use in numerous applications, including as supports for chemical reactions  ADDIN EN.CITE 18,19, scavengers 20, chromatography columns for separations  ADDIN EN.CITE 21,22, scaffolds for cell growth  ADDIN EN.CITE 23,24 and absorbents for purification and storage  ADDIN EN.CITE 4,25. To achieve the specific separation ability, reactivity or absorptivity required in many of these applications, special functional groups must be introduced onto polyHIPE surfaces. To this aim, monomers bearing reactive groups (e.g. epoxy or carboxyl group) are commonly used, so that the surface of the resulting polyHIPE can be readily modified through appropriate surface chemistry reactions. The post modification of polyHIPE has been shown to be feasible thanks to its open porous morphology 26. Glycidyl methacrylate (GMA) is a widespread monomer in HIPE formulations. GMA presents epoxy reactive moieties able to react with a range of nucleophiles, thus making it suitable for further chemical modification. Several works have reported the preparation of GMA-based polyHIPE materials by thermal or photochemical polymerization, and their successive functionalization with nucleophiles 27.

However, the use of PolyHIPEs is limited in practice by their mechanical properties, especially low crush strengths (around 0.03 MPa 28), chalkiness and brittleness. There have been several attempts to increase the toughness of polyHIPEs, including addition of nanoparticles for pickering emulsion templating or nanocomposites  ADDIN EN.CITE 29,30, introduction of reinforcing materials such as pullulan 28, introduction of different monomers such as 2-ethylhexyl acrylate (EHA), methacrylate (EHMA)  ADDIN EN.CITE 21,31, dicyclopentadiene (DCPD)32 and methyl methacrylate (MMA)33 , hypercrosslinking reactions using radical initiators  ADDIN EN.CITE 34,35, reversible addition-fragmentation chain transfer (RAFT) 36,37, thiol-ene (and thiol-yne) click chemistry 38, and through the use of concentrated emulsions 39. Whilst these approaches can improve the mechanical strength of polyHIPEs, other characteristics are compromised. For example, polymerization of pickering HIPEs normally leads to closed-cell foams with a larger pore size than conventional polyHIPE  ADDIN EN.CITE 4,40. With the increasing the amount of elastomeric monomers such as EHA the glass transition temperature of the polymer decreases  ADDIN EN.CITE 21,31. The use of the RAFT reaction results in residual catalysts, while residual thiol functionalities remains in thiol-ene chemistry and both of these reactions are slow 41. Postpolymerization hypercrosslinking requires additional processing. Thus, improvements in the mechanical properties of acrylic polyHIPEs are necessary to enable the production of tough supermacroporous materials.

In this work, we attempted to improve the mechanical properties of GMA-based polyHIPEs in terms of toughness with less drawbacks by using crosslinkers or co-crosslinkers of different molecular weights. We show that the elastic modulus and crush strength of GMA-based foams can be increased by the use of higher molecular weight crosslinkers. The effect of the molecular weight of the crosslinker or co-crosslinker on the microstructure of the polyHIPEs was also assessed.
EXPERIMENTAL 
MATERIALS
Glycidyl methacrylate (GMA), ethylene glycol dimethacrylate (EGDMA, MW 198 g mol-1), triethylene glycol dimethacrylate (TEGDMA, MW 286 g mol-1), poly(ethylene glycol) dimethylacrylate (PEGDMA, average MW 550 g/mol), poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-PPO-PEO, Pluronic® L-81), 2,2-dimethoxy-2-phenylacetophenone (DMPA) were purchased from Sigma Aldrich (St Louis, MO). GMA, EGDMA, TEGDMA and PEGDMA were passed over basic Al2O3 to remove inhibitors prior to use. MilliQ grade water was used throughout experimental work. Methanol and calcium chloride dihydrate were purchased from Scharlau (Barcelona, Spain) and J.T. Baker (Center Valley, PA), respectively, and used as received. 
METHODS
Fabrication of PolyHIPE
The external continuous oil phase formulation comprised GMA monomer (1.53 ml), surfactant (Pluronic® L-81, 0.5 ml), initiator (DMPA, 100 mg) and crosslinkers (different compositions tested, 1.02 ml total) mixed in a 50 mL flask using an overhead stirrer. 10.8 ml of an aqueous solution (CaCl2.2H2O, 1.3% w/w) were then added dropwise using a syringe pump under constant stirring at 350–400 rpm. After addition was complete, stirring was continued (10 min) to ensure complete mixing of the HIPE. At this point, the HIPE was removed from the flask and transferred to a glass mold. Photo-polymerization of the mixture was carried out using a UV-Handlamp (Dr. Hönle AG UV Technology, Gräfelfing, Germany) with 315–400 nm wavelength and 250 mW/cm² intensity. The distance between the lamp and the sample was 10–15 cm and the UV-exposure time was approximately 10 min. The obtained polymers were washed on a glass filter with warm H2O and extracted in a Soxhlet apparatus with methanol for 24 h, then dried in a freeze dryer (Labconco, Kansas City, MO) at -47°C and 0.070 mBar overnight. 

All resulting polyHIPEs contain 60% v/v GMA and 40% v/v crosslinker. Different crosslinker compositions were used in the HIPE formulations, including the three pure crosslinkers, as well as different mixtures of EGDMA/PEGDMA and TEGDMA/PEGDMA. The polyHIPEs are identified here according to the crosslinker(s) used, i.e. EGDMA(E), TEGDMA(TE), PEGDMA(PE), and the v/v% of co-crosslinkers in the crosslinker mixture. Thus, G-E(80)/PE(20) indicates a polyHIPE containing GMA, 80% v/v EGDMA and 20% v/v PEGDMA. 
Physical Characterization
Morphological features of the polyHIPEs were investigated by scanning electron microscope (SEM), using a high-resolution JEOL JSM 7000F field emission SEM (JEOL USA Inc., Peabody, MA). The samples were coated with gold and viewed using an accelerating voltage of 15 kV. The open source image processing software package ImageJ version 1.46 (available at https://imagej.nih.gov/ij/) was used to determine the pore and window sizes of approximately 100 pores per sample. As suggested by Carnachan et al., the observed average value of the pore diameter was multiplied by 2/(31/2) as statistical correction factor to obtain a more accurate value of pore and window sizes 11. Degree of openness as the ratio of open surfaces (So) to the total surface of a pore (Sp) is calculated according to the method described by Pulka et al.’ 42. It has been shown that photo-polymerized HIPEs are a direct template of their parent emulsions, with theoretical porosity (calculated from nominal oil/water ratio) matching well with experimental porosity values (from mercury porosimetry) 12. Accordingly, we assumed that the porosities of the prepared polyHIPEs were the same as their intended values during HIPE preparation, which was 78% for all samples.  

Specific surface area was measured with a Micromeritics Gemini VI Surface Area and a Porosity Analyzer (Micromeritics Instrument Corporation, Norcross, GA,) by applying the Brunauer–Emmet–Teller (BET) and Barrett-Joyner-Halenda (BJH) methods to N2 adsorption/desorption isotherms. Prior to analysis, all samples were degassed for 24 h at 100°C in a Micromeritics FlowPrep 060 Sample Degas System (Micromeritics Instrument Corporation). 

Interfacial tension at the water-oil interface was measured by the pendant drop method using a CAM 200 instrument (KSV instruments Ltd, Helsinki, Finland) and the built-in software CAM 2008 for data processing. For measurements at the interface with the oil phase, a 5​​–7 µL droplet of aqueous phase was left hanging from the syringe needle in 2 mL of oil phase within a cuvette. The interfacial energies were derived by fitting the droplet shape by the Young–Laplace method. 

Viscosity of the oil phase formulations was measured with a Haake viscometer RV20 with the measuring system CV100. The system consists of a rotating vessel filled with the liquid under study and a cylindrical sensor of Mooney-Ewart type (M15), placed in the center of the vessel. The uncertainty of the viscosity determination was 0.1%. The temperature was maintained constant (20±0.01°C) using a water bath surrounding the vessel. The densities of the polyHIPEs were determined from weight and volume measurements.

The compressive stress–strain curves of the polymeric foams were obtained by testing cylindrical specimens with a MTS Criterion Electromechanical Test System Model C43.104 (MTS, Eden Prairie, MN) equipped with a 500 N load cell. The cylindrical specimens had a diameter and height of 11 mm. Tests were performed at a constant speed of 1.0 mm/min until material failure. A minimum of 15 samples per polyHIPE material were tested. The Young’s modulus of the samples was determined from the slope of the initial linear region of the stress–strain curves, while the maximum crush strength was obtained from the maximum compressive stress the sample sustained before fracture.


RESULTS AND DISCUSSION
In this work we attempted to improve the mechanical properties of GMA-based polyHIPEs and decrease the reported brittleness and chalkiness of these materials. An investigation was carried out to determine the influence of using crosslinking or co-crosslinking monomers of differing molecular weights on the Young’s modulus, crush strength, pore diameter, window diameter and specific surface area of GMA-based photo-polymerised polyHIPE materials. To this aim, three different ethylene glycol-based dimethacrylate crosslinkers with different molecular weights were tested: EGDMA (MW 198 g mol-1, 1 ethylene unit), TEGDMA (MW 286 g mol-1, 3 ethylene units) and PEGDMA (MW 550 g mol-1, 8 ethylene units). The structures of GMA and all crosslinkers are shown in Scheme 1.  All other factors, including water/oil phase ratio, surfactant, and initiator were kept constant in all experiments. 


SCHEME 1. Molecular structure of A) GMA and B) EGDMA (n=1), TEGDMA (n=3) and PEGDMA (n=8).

Poly(HIPE) structure
The final structure of PolyHIPE depends on the form and stability of the parent emulsion and parameters such as curing time and temperature. Tuning the  parent  emulsion  in  order  to  control  emulsion  parameters, such as surfactant concentration, interfacial tension, viscosity of oil phase and aqueous phase and etc., and  to produce  a  stable  emulsion,  with  defined  pore  size,  shape  and  architecture  is discussed further in the literature  ADDIN EN.CITE 3,8,12. For investigation of fabricated polyHIPEs morphology, the microsctructure was visually observed at the electron microscope. The obtained SEM for polyHIPEs are reported when pure crosslinker was employed in Fig. 1(a) and in presence of the combination of crosslinkers in Fig. 1(b). 
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FIGURE 1 SEM images of PolyHIPE materials prepared with crosslinkers with different molecular weights a) pure crosslinkers, b) mixture of crosslinkers. All the scale bars represent 10 µm.

In all cases, the well-known macroporous polyHIPE structure consisting of pores and interconnected windows was obtained. As can be seen, the pore morphology depended upon the particular crosslinker or crosslinker combination used, resulting in either the formation of small, interconnected polyhedral pores or larger, spherical pores with a lower degree of interconnectivity. It is also possible to observe that crosslinkers with higher molecular weight produced polyHIPEs with larger average pore and window sizes. A quantitative analysis of the morphology of the polyHIPEs shown in Fig. 1 is presented in Table 1, as well as the results of specific surface area from N2 adsorption, viscosity and interfacial tension measurements. In case of pure crosslinkers (Fig. 1(a)), the measured average pore diameter, <D>, and average window diameter, <d>, steadily increase with the 


molecular weight of the crosslinker. This is particularly apparent for the G-PE sample, endowed with a 3 to 4 fold higher pore and window dimensions than the G-E and G-TE materials. . The pore size distributions, reported in (Fig. 2), show that an increase in the amount of the high molecular weight crosslinker, (PEGDMA), led to broadening of the pore size distribution, with a tailing towards larger pore sizes. These two effects have been associated with droplet coalescence in the emulsion 20. However, the specific surface areas of the foams decreased in the presence of PEGDMA but were in the range of GMA-based polyHIPEs typically reported 2. Due to polyHIPEs relatively large pore sizes, specific surface areas of polyHIPEs are generally around 5 m2/g.

 TABLE 1 Morphological characteristics of GMA-based polyHIPEs. Top: crosslinker mixtures of G-E/PE; bottom: crosslinker mixtures of G-TE/PE.
Sample	<D>a(µm)	<d>b(µm)	DOOc	SSAd (m2/g)	γ e(mN/m)	Foam Density (g/cm3) 	Viscosity of oil Phase (Pa.s) 
G-E	3.3±1.2	0.5±0.2	0.26±0.02	14.7	5.8	0.20±0.03	0.0066
G-E(80)/PE (20)	4.1±1.3	0.7±0.2	0.27±0.02	6.2	4.3	0.21±0.04	0.0076
G-E(60)/PE (40)	37.1±6.9	1.4±0.5	0.18±0.08	3.5	3.7	0.23±0.07	0.0091
G-E(40)/PE (60)	45.1±7.6	5.6±1.9	0.19±0.08	3.2	2.8	0.25±0.04	0.0109
G-E(20)/PE (80)	27±7.1	7.2±0.6	0.08±0.02	3.2	2.0	0.27±0.05	0.0131
G-PE	12.7±3.2	2.1±2.6	0.05±0.02	3.2	1.5	0.28±0.06	0.0162

G-TE	3.8±1.4	0.7±0.4	0.17±0.05	5.8	5.5	0.23±0.02	0.0099
G-TE(80)/PE(20)	7.4±1.8	0.9±0.2	0.09±0.02	4.4	4.2	0.24±0.05	0.0105
G-TE(60)/PE(40)	13.9±6.9	1.8±0.6	0.05±0.02	2.7	3.2	0.25±0.03	0.0114
G-TE(40)/PE(60)	22.9±9.4	1.3±0.8	0.04±0.02	1.8	2.6	0.26±0.06	0.0126
G-TE(20)/PE(80)	14.9±4.6	4.3±1.6	0.05±0.02	1.2	1.8	0.28±0.05	0.0141
G-PE	12.7±3.2	2.1±0.6	0.05±0.03	3.2	1.5	0.28±0.06	0.0162

a Average pore diameter. b Average window diameter. C Degree of openness. d Specific surface area. eInterfacial tension.


FIGURE 2 Pore diameter distribution plots for a: G-E-PE and b: G-TE-PE polyHIPEs materials prepared with different crosslinkers. 
 Fig. 3 provides a better view of the effect of crosslinker on the pore and window size as well as the degree of openness accompanied with the changes of interfacial tension and viscosity of oil phase.  It is noticeable that the average pore and window diameter sizes reached a peak at 60% PEGDMA in both crosslinkers mixtures with increasing concentrations of PEGDMA. For both G-E-PE and G-TE-PE polyHIPEs, a higher degree of openness was observed at 0% of PEGDMA, which decreased with an increasing percentage of PEGDMA. The final droplet size in the emulsion is the result of an equilibrium between droplet beak-up and coalescence. Highly concentrated emulsions are unstable, so the formed droplets tend to coalesce. It has been shown that the attraction between drops of the water phase significantly increases at low interfacial tension, resulting in flocculation and deformation of droplets, in turn leading to coalescence instabilities 43. Our results confirm this trend, with the G-E and G-TE samples having similar interfacial tension of approximately 5.5-5.8 mN/m, while the G-PE polyHIPE is characterized by a 3.5 to 4 fold smaller interfacial tension of 1.5 mN/m. This behavior, as well as tailing and broadening of the pore size distribution (Fig. 2), suggest that coalescence was the main mechanism behind the increase in pore size and polydispersity with the incorporation of PEGDMA as a co-crosslinker.
 
 
FIGURE 3 Effect of different concentration of PE in crosslinker mixture of a: G-E-PE and b: G-TE-PE on pore and window diameter, degree of openness, interfacial tension and oil phase viscosity. 

On the other hand, to avoid droplet coalescence, in addition to using sufficient emulsifier, the emulsion must be stabilized through hydrodynamic effects such as increasing the collision time or increasing the viscosity of the continuous phase. It has been shown that the latter is an effective way to retard the liquid drainage between two colliding droplets, thus pushing the equilibrium towards retention of individual droplets rather than coalescence 34. Increasing the average molecular weight in the crosslinker mixture by addition of larger amounts of PEGDMA increased the viscosity of the oil phase in the prepared HIPE (Fig. 3), resulting in competition between the effects of decreasing the interfacial tension and increasing the viscosity of the oil phase. This resulted in the observed peak in pore and window sizes at 60% PEGDMA.

The positive effect of increasing the continuous phase viscosity is also supported by comparing the range of pore diameters for G-E/PE (3.3–45.1 µm) and G-TE/PE (3.8–22.9 µm). The oil-phase interfacial tensions of G-TE/PE and G-E/PE were essentially equal at each level of added PEGDMA but the viscosities of G-TE/PE, with higher average molecular weights in the crosslinker mixtures, were higher than those of G-E/PE at all PEGDMA levels (Fig. 3). Thus, the effect of higher viscosity in the oil phase was to drive the equilibrium towards lower coalescence and smaller droplet size. G-TE/PE also showed a narrower pore size range with increasing PE, despite the decrease in interfacial tension. 

Mechanical Properties
The mechanical properties of the polyHIPEs investigated were evaluated using compression experiments at room temperature, with the resulting stress-strain curves summarized in Figure 4, while the crush strengths and Young’s moduli reported in Fig. 5. It is evident that the introduction of PEGDMA into the crosslinker mixture significantly increased the elasticity of the polyHIPEs. The long chain crosslinker also improves considerably the crush strength, with a one order of magnitude gain from EGDMA (or TEGDMA) to PEGDMA. In the presence of 40% PEGDMA in the EGDMA (or TEGDMA) crosslinker composition, the Young's modulus and crush strength increased 50% and 400%, respectively in regards to their references samples (G-E and G-TE). With the introduction of 60% and 80% PEGDMA to TEGDMA, the Young's modulus decreased from 3.66 to 2.79 MPa, while no crush or collapse data were obtained because there was complete compression and the samples returned essentially to their initial length after removing the compressive force. However, the incorporation of PEGDMA into GMA/EGDMA led to a small increase in Young's modulus and crush strength. The Young’s modulus of GE increased to 3.84 and 4.05 MPa with the introduction of 20% and 40% PEGDMA, respectively. By increasing the percentages of PEGDMA to 60% and 80%, the elasticity increased, and the Young’s modulus decreased to 2.26 and 0.82 MPa, respectively. Meanwhile, there was no noticeable change in the crush strength for G-E(X%)/PE(1-X%), except for G-E(20)/PE(80), which showed completely elastic behavior.  According to these results, polyHIPEs comprised solely of low molecular weight, short-chain crosslinkers did not produce robust materials. The addition of PEGDMA with high molecular weight and long polymer chains increased chain mobility during mechanical deformation and the recovery processes to achieve further gains in compressive modulus. Thus, the combination of long- and short-chain crosslinkers is required to achieve the degree of polymer toughness to withstand compressive loads.   

























FIGURE 4 Stress-strain curves of the all polymer foam materials under compressive load. A) G-E-PE and B) G-TE-PE PolyHIPEs.


FIGURE 5 The influence of PE concentration in crosslinker mixtures on A) Young's modulus and B) crush strength of PolyHIPEs.
As can be seen from Fig. 5, G-TE/PE polyHIPEs have higher Young's modulus and crush strength than G-E/PE. The differences between these polyHIPEs are their average pore and window sizes as well as degree of openness and densities. From Fig. 6, it can be seen that the densities of G-TE/PE polyHIPEs are higher than those of G-E/PE samples and that these approximately followed the standard "mixing rule" where the density of the samples equals the proportional contributions of the densities of the mixture components, i.e. density_G-E/PE = (v/v%G-E)×(density_G-E) + (v/v%PE)×(density_PE). 

FIGURE 6 Measured foam densities of the G-E/PE and G-TE/PE polyHIPEs and calculated ones by mixing rule.

Gibson and Ashby reported that the Young’s modulus of a polydisperse polymer foam is independent from pore size, and depends only on its squared relative density which defined as the density of foam divided by the density of matrix 44. Relative density is equivalent to the volume fraction of the solid, which in our case was constant for all prepared PolyHIPEs. To determine whether the degree of interconnectivity or openness effects the mechanical properties of polyHIPEs, the degree of openness values were compared in Table 1. It is clear that the degree of openness values for G_E/PE are higher than those for G-TE/PE. It has been shown that the higher degree of openness is a result of a thinner film layer between droplets at the same surfactant concentration and internal phase volume ratio 42. This is consistent with G_E/PE polyHIPEs having thinner pore walls than G-TE/PE, thus resulting in a lower Young’s modulus and crush strength. Furthermore, G-TE/PE polyHIPEs showed a maximum in the Young's modulus and crush strength at 40% added PEGDTA, despite the fact that the foam density increased monotonically with PEGDMA addition. This result, as well as the low degree of openness, suggest that the microstructure may have an influence. With addition of PE to the crosslinker mixture, the pore size goes through a peak, similar to the trend with the corresponding Young’s modulus. This could be because of thicker walls of larger pores than foams with smaller pores.
The compression stress-strain curve for a porous materials consists of three different regimes including initial linear elastic, stress plateau and densification 45. Upon compression, the pore edges bend initially, which corresponds to the initial linear elastic regime. Under further compression, the pore collapse progresses through elastic buckling, plastic yielding or brittle crushing, depending on the nature of the solid from which the material was made. Most attempts to improve brittleness of Poly HIPE were done in this regime, mostly using monomers that are naturally stiff materials, and their focus was to increase the Young's modulus in the initial linear elastic regime. Using this approach, many reports indicate that the Young’s modulus was increased by as much as 30 times compared with reference samples, while the crush strength, which is the starting point of pore edge yield and when the opposite pore walls come into contact, was not improved even half as much as the Young's modulus 37.
In our work it has been demonstrated that with addition of PE as the high molecular weight crosslinker, even for 20% in the crosslinker mixture the brittle crushing behavior of  PolyHIPE was changed to having a stress plateau and elastic bulking.  The crush strength of G-TE(60)/PE(40) was also increased over 400%, which is much more than the Young's modulus increment (around 50%). By continuing the addition of PE we did not see any crushing in PolyHIPEs, as they converted from completely brittle to completely elastic materials. This, along with the improved compression modulus and strength of G-TE(60)/PE(40), suggests that more attention should be given to this specific blend composition as it appears to be a good candidate for supermacroporous stationary phases for use in chromatography.   

CONCLUSIONS
We attempted to improve the mechanical properties of GMA-based polyHIPE materials by using more flexible crosslinkers. Thus, photo-polymerised polyHIPEs based on GMA and containing different crosslinking mixtures containing 0–100% by volume of EGDMA, TEGDMA and PEGDMA were prepared. Morphological investigations showed that the prepared foams possessed the characteristic interconnected pore structure and properties of typical polyHIPEs. Mechanical testing showed that addition of PEGDMA improves the mechanical stability of polyHIPEs in terms of both compression strength and deformation at breakage and reduced brittleness and chalkiness of the resulting polyHIPEs, compared with those containing only EGDMA as a crosslinker. The Young’s modulus and pore size of prepared PolyHIPEs showed a maximum with increasing PEGMA composition in the crosslinker mixtures. This behavior suggests that GMA-TEGDMA(60)/PEGDMA(40) is a suitable candidate for use as a membrane or stationary phase in separation science. 
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